Background: Circulating tumor cells (CTCs) have become potential diagnostic biomarker for several types of cancer, including lung cancer. In this study, we aim to determine whether CTCs detected by CellCollector can be used for early-stage diagnosis of lung cancer. Methods: In this study, we recruited 64 volunteers, among whom 44 were suspected lung cancer patients requiring surgical treatment and 20 were healthy volunteers. We simultaneously analyzed PD-L1 expression in CTCs isolated using the GILUPI CellCollector and copy number variation by next-generation sequencing (NGS). Results: We enrolled a total of 44 patients with suspected lung cancer who required surgery and 20 healthy volunteers. The patients were classified into 4 groups based on their pathological results: benign disease, in situ cancer, microinvasive, and invasive. The CTCs detection rate for each group was 10.00% (1/10), 45% (5/11), 50% (7/14), and 67% (6/9), respectively. Among the patients with lung cancer, the CTCs detection rate increased with disease progression. The rate of CTCs positivity was 52.94% (18/34) in patients who were diagnosed with lung cancer by pathology and 10% (1/10) in patients with benign disease. CTCs were not detected in the control group. The area under the receiver operating characteristic (ROC) curve, a measure for distinguishing patients with primary lung cancer, was 0.715 (95% CI 0.549-0.880, P=0.041). The sensitivity and specificity of the in vivo CTCs detection strategy for the diagnosis of early-stage lung cancer were 52.94% and 90%, respectively. CTCs were associated with clinical pathology but not with the size and location of the nodules. Conclusion: CTCs isolation using the CellCollector in vivo detection method might be effective for distinguishing between benign and malignant nodules and may be used for early-stage diagnosis of lung cancer.
Introduction
Lung cancer remains the most common malignant tumor worldwide. It is estimated that in 2018, 2.1 million patients will be newly diagnosed with lung cancer, and 1.8 million lung cancer patients will die. New lung cancer cases account for 11.6% of total cancer cases but 18.4% of total cancer deaths. 1 Because the symptoms of lung cancer are not apparent in the early stages, the majority of lung cancer patients are at an advanced stage at the time of diagnosis and miss the opportunity for optimal treatment. As a result, the prognosis of lung cancer is extremely poor. The 5-year survival rate at stage IV is only 6%, yet the 5-year survival rate of patients with stage IA lung cancer is 82%. 2 Therefore, the diagnosis of lung cancer at an early stage is a key factor for improving prognosis and reducing mortality. Low-dose spiral computed tomography (LDCT) scanning is a test that may increase early diagnosis and reduce cancer mortality. The National Lung Screening Trial (NLST) in the USA indicated that compared with thoracic X-ray imaging, LDCT reduces lung cancer-related mortality by 20%. However, LDCT screening has a high false-positive rate, and more than 10% of patients are overdiagnosed. 3, 4 Therefore, biomarkers with higher specificity and lower invasiveness are urgently needed for the early diagnosis of lung cancer. Circulating tumor cells (CTCs) are a new type of tumor biomarker that offer the promise of real-time detection and minimal invasiveness. The examination of CTCs can provide powerful evidence and support for tumor evaluation, monitoring, treatment, and prevention. CTCs are tumor cells originating from tumor tissue that enter the peripheral blood circulation and are involved in tumor metastasis. CTCs are scarce in blood but have high clinical detection value and are an important marker for liquid biopsy. 5 Currently, the techniques for capturing and isolating CTCs are based on their physical and chemical properties, such as cell size and density, or the expression of tumor cell surface proteins such as EpCAM for positive or negative enrichment. 6 CTCs are normally examined in vitro, and the sensitivity of detection is often limited by the blood sample volume. The GILUPI CellCollector in vivo examination technique overcomes the limitation of a small blood sample volume and has a high detection rate at the early stage of cancer. This high detection rate makes this technique very favorable for application in the diagnosis of early-stage lung cancer. It is generally believed that CTCs are produced in the early stages of tumors and represent tumor micrometastasis or the presence of small residual lesions. We hypothesized that a small number of CTCs are present in the peripheral blood of patients with confirmed lung cancer but may not in patients with benign disease. To test this hypothesis, this study recruited a total of 64 volunteers, including 44 suspected lung cancer patients requiring surgical resection and 20 healthy volunteers as a control. This study is the first to analyze PD-L1 expression in CTCs with the GILUPI CellCollector and the molecular characteristics of CTCs by next-generation sequencing (NGS). The sensitivity and specificity of the CTCs acquired by the CellCollector in the diagnosis of early-stage lung cancer were analyzed by postoperative pathological diagnosis.
Materials and Methods

Study Design
This was a single-center, prospective clinical study carried out in Hebei General Hospital, China. A total of 44 patients with suspected lung cancer were recruited between January 2018 and June 2018. All patients underwent surgical treatment and pathological diagnosis. Peripheral CTCs were detected using the CellCollector (GILUPI CellCollector, GILUPI) in vivo detection method prior to surgery. Immunofluorescence staining was performed for CTC evaluation and PD-L1 expression analysis in CTCs. Additionally, CTCs captured by the CellCollector sampling probe were separated and subjected to whole-genome amplification and quality assessment. Qualified CTCs underwent NGS to determine the copy number variation (CNV). Twenty healthy subjects were also recruited simultaneously for CTCs examination, and the basic information for these subjects, such as gender, age, and smoking status, was similar to that of the suspected lung cancer patients. This study was approved by the medical ethics committee of Hebei General Hospital, and all subjects signed informed consent. This study was conducted in accordance with the Declaration of Helsinki.
Patients
Among the 44 recruited patients with suspected lung cancer, patients diagnosed with solid nodules or partial solid nodules in the lung by thoracic computed tomography (CT) underwent positron emission tomographycomputed tomography (PET-CT), or bone emission computed tomography (ECT), cranial magnetic resonance imaging (MRI) and abdominal CT examinations, and patients with ground-glass nodules in the lung did not undergo relevant imaging examinations. None of the patients had distant metastasis. Among the suspected lung cancer patients, 22 were male, and 22 were female; the median age was 56 years with an age range of 32 to 77 years, and the smoking rate was 25.00%. Among all patients, 5 had nodules at 2 or more locations, 13 had nodules in the upper lobe of the left lung, 10 had nodules in the left lower lobe, 12 had nodules in the right upper lobe, 8 had nodules in the right lower lobe, and 5 had nodules in the right middle lobe (Table 1 ). All these patients were pathologically diagnosed with non-small cell lung cancer (NSCLC), and all were adenocarcinoma (Table S1 ). The suspected lung cancer patients and healthy controls did not differ significantly with respect to age, gender, and history of smoking.
In vivo CTCs Detection by CellCollector
Cubital vein peripheral blood CTCs were examined by the circulating epithelial cell sampling probe of the CellCollector, a medical stainless steel wire with a 2-cm-long functional domain coated with EpCAM antibody and a hydrogel stratum. The sampling probe was inserted into cubital vein peripheral blood through a 20G catheter with the functional domain exposed to the peripheral blood and placed in vivo for 30 min. Tumor cells were captured by specific binding to the EpCAM antigen of the tumor cell surface (Figure 2A ).
CTCs Analysis
Upon completion of CTCs collection, the CellCollector with captured CTCs underwent staining according to the instruction manual of the staining kit. Negative (NK92 cells) and positive (SK-BR-3 cells) controls were stained simultaneously. The following antibodies were used for staining: CD45 (EXBIO, clone MEM-28-Alexa Fluor 647), cytokeratin CK7/19/panCK antibody (EXBIO Praha, clone A53-B/A2-Alexa Fluor 488), and PD-L1 (clone PD-L1, Abcam). Following nuclear staining with Hoechst 33342 (Sigma), the cells were examined for tumor characteristics, and PD-L1 expression in CTCs was analyzed.
Whole-Genome Amplification and Next-Generation Sequencing
The CTCs captured in the CellCollector were identified and collected in PCR tubes. The isolated CTCs were then subjected to whole-genome amplification (WGA) using the MALBAC genome amplification kit (Yikon Genomics). The quality of the amplification products was determined using a NanoDrop 2000 and Qubit 3.0. The coverage of the amplification products was determined by fluorescence-based quantitative PCR. a) Amplification yield was qualified if the DNA concentration of singlecell amplification was ≥10 ng/μL and the total amount was ≥400 ng. b) A library could be constructed in the case of relatively low yield, with DNA concentrations in singlecell amplification of 1-10 ng/μL and total DNA amounts of 40-400 ng. c) Amplification failed if the DNA concentration of single-cell amplification was <1 ng/μL and the total amount was <40 ng. The qualified CTC genome amplification products were subjected to downstream gene mutation analysis. NGS was performed using the Illumina platform.
Statistical Analysis
Differences between the patients and healthy controls and the correlations between CTCs and clinical characteristics were determined using Student's t test, Pearson's Chisquare test, or Fisher's exact test. P<0.05 was considered statistically significant. All statistical analyses were performed with SPSS 23.0 software. GraphPad Prism 5.0 software (GraphPad, San Diego, CA, USA) was used to generate the graphs. 
Results
Subject Characteristics
A total of 44 suspected lung cancer patients and 20 healthy volunteers were recruited for CTCs examination. CTCs were not detected in the 20 healthy individuals of the control group. Among the 44 patients with suspected lung cancer who underwent surgical treatment, 34 patients were pathologically diagnosed with lung cancer, and the CTCs detection rate was 52.94% (18/34). The remaining 10 patients were pathologically diagnosed with benign lung diseases, of whom only 1 patient had CTCs (Figure 1 ).
CTCs Assessment by Staining
After capture by the CellCollector, the CTCs were examined by staining. White cells and tumor cells were determined using CD45 and CK7/19/panCK, respectively. CD45-, CK7/19/panCK+, Hoechst+ cells with an intact morphology were considered CTCs, and CD45+, CK7/ 19/panCK-, Hoechst+ cells were considered to be white cells. In the CTCs PD-L1 analysis, PD-L1+ indicated that PD-L1 was expressed in CTCs, and PD-L1-indicated that PD-L1 was not expressed in CTCs ( Figure 2B ). Figure 2C shows representative images of patients with positive CTCs (≥1 CTC) and the CTCs PD-L1 analysis. Among these patients, 2 CTCs were captured in patient 36, and PD-L1 was expressed in both CTCs. Three CTCs without PD-L1 expression were captured in patient 39. One CTC each was captured in patients 42 and 44, and PD-L1 was expressed in the CTCs of patient 44. Figure 2D shows the imaging and pathology results for patient 39. A thoracic CT scan identified a subpleural nodule in the right middle lobe and multiple micronodules in the right middle lobe, the posterior segment of the right upper lobe, and the lateral basal segment of the left lower lobe in this patient. The postoperative pathology showed that the patient had invasive adenocarcinoma. Elastic fiber staining showed that 70% of the adenocarcinoma was acinar, 20% was lepidic and 10% was papillary. Cancer cells were detected in the surrounding acinar cavity, and no clear cancer embolus and nerve invasion were observed. No pleural invasion was found.
Correlations Between CTCs and Clinical Features
To determine the correlations between CTCs and clinical features, we performed CTCs detection and analyzed the CTCs detection rate and CTCs counts. Our results showed that a total of 43.18% (19/44) patients were CTCs positive (≥1 CTC) and that the CTCs PD-L1 positive rate was 57.89% (11/19) . No CTCs were detected in healthy controls ( Figure 3A) . Based on the pathology results, the patients were divided into the benign disease group and lung cancer group, for which the CTCs detection rates were 10.00% (1/10) and 52.94% (18/34), respectively (P=0.016) ( Table 2 and Figure 3B ). Based on lung cancer progression, the patients were divided into three groups, the in situ cancer group, microinvasive group, and invasive group, with CTCs detection rates of 45% (5/11), 50% (7/ 
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OncoTargets and Therapy 2020:13 14) , and 67% (6/9), respectively. Our results showed that in lung cancer patients, the CTCs detection rate and counts increased together with disease progression ( Figure 3C ). The area under the ROC curve distinguishing patients with primary lung cancer based on CTCs counts was 0.715 (95% CI 0.549-0.880, P=0.041) ( Figure 3D ). Based on these results, we found that the sensitivity and specificity of the in vivo CTCs detection strategy in early lung cancer diagnosis were 52.94% and 90%, respectively. We further determined the correlation between patients' characteristics and CTCs (Table 1) . We found that the presence of CTCs was not correlated with gender, age, smoking history, nodule size, or the location of the patient. The rate of CTCs positivity was 50.00% (1/2) in the group with a nodule size ≤5 mm, 45.45% (10/22) in the group with a nodule size greater than 5 mm but no larger than 10 mm, and 40.00% (8/20) in patients with a nodule size >10 mm. The P value determined using the Chi-square test was 0.920. When the patients were divided into groups with different nodule locations, the rates of CTCs positivity for patients with nodules in the left upper lobe, left lower lobe, right upper lobe, right lower lobe, and right middle lobe were 61.54% (8/13), 40.00% (4/10), 33/33% (4/12), 37.50% (3/8), and 80.00% (4/5), respectively (P=0.325).
In the present study, we found that CTCs were associated with the clinical pathology but not with the nodule size or location. The rates of CTCs positivity were relatively higher in the left upper lobe and right middle lobe. However, only 5 of the 44 patients had nodules in the right middle lobe, and thus more data are required to confirm this result.
Whole-Genome Amplification and CNV Analysis of CTCs Captured in the CellCollector
The samples were subjected to single-cell whole-genome degenerate oligonucleotide-primed polymerase chain reaction (DOP-PCR) amplification and purification. Of the product, 1 μL was used for the Qubit test, and 5 μL was used for the caliper test. All samples were qualified (Table  S2 and Figure S1 ). CNV and the corresponding changes in gene expression pattern were associated with malignant tumor occurrence and progression. To determine whether the presence of CTCs was associated with cancer, CNV status was analyzed by NGS in 4 randomly selected CTCspositive patients (patient 21, patient 35, patient 41, patient 43) who were diagnosed with lung cancer by pathology and the only CTCs-positive patient with benign disease (patient 10). The sequencing results showed that all 5 samples had CNV ( Figure S2) . Analysis of the CNV and the corresponding mutated genes revealed some cancerassociated gene mutations, including SMAD4, MUTYH, SYK, and ARAMTS5.
Discussion
In recent years, some biomarkers have been identified in studies of early-stage lung cancer, including serum tumor markers, DNA methylation, circulating tumor DNA, and CTCs. Tumor markers can be used for the diagnosis of lung cancer patients and can be detected in the serum or plasma of patients with suspected tumors. Examination results may indicate the presence of tumors and predict tumor progression. For example, CYFRA21-1, CEA, and SCC are usually used for NSCLC, and NSE and ProGRP are usually used for small cell lung cancer (SCLC). However, due to the low sensitivity, specificity, and reproducibility of the identification of lung cancer serum biomarkers, it is still very difficult to use a single marker for cancer identification. 7, 8 Recently, genes with abnormal methylation have been found in lung cancer, and in the early stage of lung cancer, many cancer-related genes undergo methylation to varying degrees. 9, 10 However, it remains problematic to apply DNA methylation in lung cancer diagnosis due to its associated low positive rates for single genes and extremely limited highly specific sites. Other studies have indicated that the concentration of circulating tumor DNA (ctDNA) in cancer patients is significantly higher than that in the healthy population and that ctDNA can be used as a liquid biopsy for cancer diagnosis and prognosis. However, ctDNA levels in early-stage cancer are low, accounting for only 0.01-1% of cell-free DNA (cfDNA), and the presence of multiple techniques in the clinic and the lack of standardized methods limit its clinical application. 11, 12 Additionally, although
CTCs have been reported in early cancer screening, further investigation is required to determine whether they can be used for early lung cancer diagnosis. The GILUPI CellCollector is the only Class-III medical device approved by the National Medical Products Administration (NMPA) for clinical application in vivo. The CellCollector has high capture rates in multiple cancers, including lung cancer, breast cancer, prostate cancer, head and neck cancer, and neuroendocrine tumors, and its rate of CTCs positivity is approximately 70-80%. [13] [14] [15] [16] [17] Moreover, using CellCollector, the detection rate in patients in early cancer stages is more than 50%, 20% higher than the detection rate of the similar product CellSearch. 16, 18, 19 The high detection rate in early-stage tumors maybe facilitates research on the application of CTCs in the diagnosis of early-stage cancer. A study by He et al reported CTCs detection rate of 15.6% (5/32) in patients with ground-glass nodules and mutations in cancer-related genes, including KIT, SMARCBI, and AP53, in all CTCs-positive patients. However, that study did not include the pathological diagnosis results. LDCT combined with CTCs analysis has been shown to be useful for screening early-stage lung cancer, and the captured CTCs can be further used for downstream gene analysis. 20 This study is the first to utilize the CellCollector in vivo detection system to assess CTCs in the diagnosis of early-stage lung cancer. In this study, we recruited 44 patients with lung nodules undergoing surgical resection and 20 healthy volunteers. Among the patients, 10 were diagnosed with benign disease and 34 with lung cancer based on postoperative pathology. The CTCs detection rates for the benign disease group and lung cancer group were 10.00% (1/10) and 52.94% (18/34), respectively, and no CTCs were detected in healthy volunteers. The sensitivity and specificity of the CellCollector in vivo CTCs detection technique in early-stage lung cancer diagnosis were 52.94% and 90%, respectively. The area under the ROC curve distinguishing patients with benign or malignant nodules using CTCs counts was 0.715 (P=0.041). The ROC curve indicated that the CTCs captured in vivo maybe used for the effective diagnosis of early-stage lung cancer. However, a previous study using the CellSearch system for early-stage lung cancer diagnosis indicated that CTCs captured in vitro could not effectively distinguish benign and malignant nodules, and the area under the ROC curve was 0.598 (P=0.122). 21 This result might have been a consequence of the low sensitivity of the in vitro detection technique. All patients were diagnosed with NSCLC based on postoperative pathology. According to the invasiveness of the nodules, we divided the lung cancer patients into the in situ cancer group, microinvasive group, and invasive group, with CTCs detection rates of 45.45%, 50.00% and 66.67%, respectively. The CTCs detection rate increased with the invasiveness of the nodules. In this study, we found that the CTCs detection rates in the left upper lobe and right middle lobe were relatively high, 61.54% and 80.00%, respectively. However, due to the limited patient population, we only recruited 5 patients with nodules in the right middle lobe, and the results did not reveal a correlation between nodule location and CTCs.
The PD-1/PD-L1 signaling pathway is involved in tumor immune escape. A study has shown that CTCs PD-L1-positive cells are more prone to immune escape and metastasis. 22 An increasing number of studies have confirmed that genomic DNA CNV are very useful for the investigation of gene structural changes, gene expression, and tumor pathogenesis. CNV plays important roles in the development and progression of tumors, including lung cancer. In our study, sequencing results showed that all 5 samples had CNV. CNV was present in the only patient with benign disease who was CTC positive, which might have been associated with hidden cancer lesions because many studies have shown that CTCs are present in the early stage of cancer. 25, 26 A study in 2019
showed that the overlap between the captured CTCs and lung cancer tissue can be determined by CNV mapping of the primary tissue, metastatic lesion, and CTCs of the lung cancer patients, which further confirmed that the captured cells were tumor cells at the genomic level. The study further showed that 91% (181/198) of the mutations in CTCs of early lung cancer overlapped with the metastatic lesion after 10 months, and 79% (157/198) of the mutations overlapped with the primary lesion. 27 We therefore further analyzed gene mutations. In these samples, we identified some genes related to cancer, including SMAD4, MUTYH, SKY, and ADAMTS5. SMAD4 is involved in tumor development and progression and is associated with the invasion, metastasis, and prognosis of various tumors, including lung cancer. 28 MUTYH encodes a base excision repair enzyme involved in the base excision repair pathway, and a deficiency in this pathway caused by the inactivation of MUTYH protein leads to an increased gene mutation frequency and, in turn, tumor development. 29 SYK is a likely potential suppressor gene and has been studied in breast cancer, pancreatic cancer, and lung cancer. In lung cancer, a deficiency of SYK expression plays important roles in angiogenesis. 30, 31 It has been reported that ADAMTS5 is involved in tumor metastasis and invasion and that high ADAMTS5 expression is associated with poor prognosis of lung cancer patients. 32 The CTCs CNV analysis in that study showed that CTCs could be used for downstream molecule detection and that the abnormal expression of the corresponding genes was likely associated with cancer. This study has some limitations. First, this was a single-center study with a small sample size. The patient number was small, with only 44 cases. Second, no patients showed disease progression within the short follow-up duration. Follow-up examinations of patients will be required to determine whether patients with PD-L1-positive CTCs have worse survival and whether CTCs PD-L1 expression is associated with poor prognosis. Third, the CNV analysis in the study did not have a control from lung cancer tissue and only used a negative control (Peripheral blood mononuclear cell) and a positive control from a tumor cell line (MCF7). Fourth, the number of CTCs in peripheral blood is extremely low, accounting for only 10 −7 to 10 −6 compared to other mono-nucleated blood cells. 6 As a biomarker, a major limitation of CTCs is the low detection rate in patients with early-stage lung cancer. In the future, the CTCs detection method should be optimized. and the present technology should be standardized. A prospective study with a larger sample size and a more heterogeneous patient population is required to confirm our findings and to evaluate the benefits of this screening in the diagnosis of lung cancer. In summary, this study confirms that the CellCollector in vivo CTCs detection technique perhaps effectively distinguish between benign and malignant nodules and maybe used for the diagnosis of early-stage lung cancer.
